The Northern Mockingbird (Mimus polyglottos) is a successful urban adaptor known to display flexibility in foraging, nesting, and anti-predator behavior. Its vocal behavior is also complex, with a breeding song composed of a wide variety of non-mimetic and mimetic elements, or "syllable types. " We tested the hypothesis that Northern Mockingbird adaptation to urban settings includes changes in its vocal behavior in noisy urban environments. We studied an urban/suburban mockingbird population to test the effect of urban background noise on breeding song frequency and syllable-type composition. Given that urban noise overlaps most strongly with low-frequency vocalizations, a phenomenon known as "signal masking, " we predicted a positive association between noise levels and mockingbird average peak frequency (a measure of vocalization power). We further predicted a positive effect of noise levels on the peak frequency of the lowest-pitched syllable type in a mockingbird's song, no effect on the peak frequency of the highest-pitched syllable type, and thus a negative effect on mockingbird peak frequency range. Lastly, we predicted a negative effect of background noise on the use of syllable types experiencing heavy signal masking and, conversely, a positive effect on the use of syllable types experiencing minimal signal masking. We found a significant positive effect of noise levels on both average peak frequency and peak frequency of the lowest-pitched syllable type, but no effect on the peak frequency of the highest-pitched syllable type and peak frequency range. In addition, as background noise levels increased, we found significant declines in the percentages of heavily masked syllable types (1-3 kHz) and significant increases in the percentages of syllable types in the 3-5 kHz range; percentages of syllable types >5 kHz were, however, unaffected by background noise. These results were consistent with the hypothesis that Northern Mockingbird breeding songs change in pitch and syllable-type composition in noisy settings, providing further evidence that songs of urban-adapting species differ in noisy environments.
INTRODUCTION
A major consequence of human population growth and urban development is increased urban noise pollution, which has been shown to affect communication in many wildlife species from a variety of taxa, acting as a potential selective pressure via alteration of acoustic features in the surrounding environment (reviewed in Shannon et al. 2015) . More specifically, urban background noise often produces its strongest signals at low frequencies, which can overlap with the acoustic frequency range of many urbanized species, a term commonly referred to as "signal masking" (Slabbekoorn and Ripmeester 2008) . This masking of acoustic signals may disrupt important information transfer between a sender and receiver, potentially leading to fitness consequences (Slabbekoorn and Ripmeester 2008) .
Birds are common study subjects for testing the effects of urban noise on acoustic communication. Given the importance of vocal communication in most bird species, coupled with the low-pitched masking range of urban background noise, it is not surprising that urban noise has impacted the songs of a variety of species (oscines: e.g., Bermudez-Cuamatzin et al. 2010 , Cartwright et al. 2014 , Potvin et al. 2014 , Knight and Swaddle 2015 , Potvin and MacDougall-Shackleton 2015 , Gentry et al. 2017 , LaZerte et al. 2017 , Sierro et al. 2017 suboscines: e.g., Francis et al. 2010 , Gentry et al. 2018 ; non-passerines: see Hu and Cardoso 2010) . More specifically, many species increase the frequency of their songs in these environments, presumably to minimize overlap with the predominantly lowerpitched urban noises and thus increase optimization of acoustic signaling (reviewed in Roca et al. 2016) . In a study including data from more than 500 species from 103 genera, species occupying urban environments were significantly more likely to vocalize at higher peak frequencies (i.e. the frequency band/harmonic of a syllable type with the highest power) than nonurban congeneric species, and urban species with naturally lowfrequency songs tended to have higher minimum frequencies than nonurban congeneric species (Hu and Cardoso 2009) . Because lower-frequency songs have been shown to lose efficiency in areas with high levels of urban noise, it has been suggested that raising the frequencies of songs may increase detectability (Halfwerk et al. 2011 , Pohl et al. 2012 , although increases in amplitude have been argued to be a more effective signal enhancer in these environments (Nemeth and Brumm 2010) . Many urban studies have also found that birds change the frequency of their songs in real time (e.g., Bermudez-Cuamatzin et al. 2010 , Goodwin and Podos 2013 , Montague et al. 2013 , Potvin and Mulder 2014 , LaZerte et al. 2017 ), suggesting that short-term vocal plasticity may be a key trait necessary for birds to live in noisy environments.
Not all studies, however, have shown that birds raise their frequencies in noisy environments (reviewed in Brumm and Zollinger 2013) . Several studies, for example, have found no changes in song frequency from study species exposed to chronic background noise (Grace and Anderson 2015, Rios-Chelen et al. 2015) , whereas others have found species to decrease the frequencies or frequency bandwidths of their songs in noisy environments (Potvin et al. 2014 , Luther et al. 2015 , Potvin and MacDougall-Shackleton 2015 . More specifically, species with high-pitched songs situated above the noise threshold often display considerably less frequency-shifting behavior than lower-pitched species found in the same study sites Schneider 2009, Dowling et al. 2012 ). Even closely related species occupying the same study site under similar noise constraints can show drastically different acoustic responses (see Francis et al. 2011) , making it difficult to predict how species will modify their signals in these environments. These results show that frequency shifting is by no means a universal adaptation to urban noise pollution, requiring further research to determine its importance in urban adapting-species behavior. Furthermore, these results suggest that a species' response to noise may depend on how its acoustical properties compare to those of the noise threshold in its environment.
Avian species with complex repertoires offer a unique opportunity for more in-depth analysis regarding the impacts of urban noise on bird song. Because these species have songs composed of many high-pitched and low-pitched sounds, they provide a natural test of how overall song pitch changes by assessing which sounds may be more masked by urban noise than others. Some studies, for instance, have found species to alter the composition of their songs, often selecting higher-pitched, minimally masked syllable types in urban environments Slabbekoorn 2009, Nemeth et al. 2013) . Great Tits (Parus major), in particular, sang higher-pitched syllable types when exposed to low-frequency background noise, but switched to singing The Condor: Ornithological Applications 121:1-13, © 2019 American Ornithological Society more low-pitched syllable types when exposed to highfrequency background noise (Halfwerk and Slabbekoorn 2009) . Only a few species to date, however, have been subjects for studies testing the effects of urban noise on syllable-type composition (Bermudez-Cuamatzin et al. 2009 , Bermudez-Cuamatzin et al. 2010 .
In this study, we assessed the effects of urban background noise on song frequency and syllable-type composition in the Northern Mockingbird (Mimus polyglottos). The Northern Mockingbird is a classic example of successful urban adaptation in North America, where urban populations display greater reproductive success than nonurban populations and population density is positively associated with urban land area (Hanauer et al. 2010) . Possible mechanisms behind their urban success include the ability to adjust their foraging (Stracey et al. 2014) , nesting (Stracey and Robinson 2012a) , and anti-predatory behavior (Levey et al. 2009, Stracey and Robinson 2012b) in urban environments. However, despite the importance of song complexity in this species' sexual selection (Howard 1974 , Derrickson 1987 , no study to date has tested for changes in their acoustic behavior in urbanized settings. Given the low-pitched masking behavior of urban background noise, we hypothesized that Northern Mockingbird breeding songs would change in pitch and syllable-type composition. We predicted increases in average peak frequency and peak frequency of the lowest-pitched syllable type in a mockingbird's breeding song, no effect on the peak frequency of the highest-pitched syllable type, and thus a decrease in peak frequency range. Furthermore, we predicted a decrease in the percentage of mockingbird syllable types heavily masked by background noise and, conversely, an increase in the percentage of syllable types minimally masked by background noise.
METHODS
We recorded male Northern Mockingbirds during the May-June 2015 breeding season within the city limits of Gainesville, Florida (105 km 2 ; Figure 1 ). Using the Florida Department of Transportation's (FDOT) Florida Traffic Online database (FDOT 2017), we a priori selected 11 roads in Gainesville with annual average daily traffic values (AADT) greater than 10,000 in the year 2015 ( Figure 1 ). According to the FDOT, AADT is defined as "the total volume of traffic on a highway segment for one year, divided by the number of days in the year" (FDOT 2017). We selected 10,000 because this AADT value is an order of magnitude greater than the typical cutoff value for lowvolume to high-volume traffic (1,000 or 2,000 vehicles/ day). We also a priori selected 11 random residential neighborhoods with AADT scores too low to be displayed on the Florida Traffic Online database (FDOT 2017; Figure  1 ). To ensure that we were sampling different individuals, all high-traffic roads and residential areas were at least 400 m apart, which is larger than the typical territory size of a Northern Mockingbird (Laskey 1935 , Michener and Michener 1935 , Logan 1987 . Despite a priori sampling from 2 categories (high-traffic roads and residential areas), noise varied continuously within our study site, resulting in a gradient across all recordings.
Because individuals were not color-banded, we surveyed each high-traffic road and residential area only once to ensure that individuals were only recorded once. All residential-area road transects were surveyed on a single day. If only a portion of a high-traffic road was walked, we would return the next day to the location of the previous recording, then travel 400 m down the road before resuming our transect and listening for birds.
Once an individual was detected, one 5-min continuous song recording was made per sample. A "continuous" song was defined as one in which the bird sang nonstop without any breaks of more than 15 s. Each individual was recorded using a Tascam DR-07 Digital Sound Recorder and a Sennheiser ME66 Shotgun Microphone. Males were recorded between 0600 hr and 1600 hr at a distance of 15 m from their singing substrate. Each male's perching height (cf. Brower and von Ende 1998) and distance to microphone (calculated from the perching height and 15 m distance to substrate) were also recorded after each 5-min continuous song recording.
Noise Recordings
Immediately before each recording we also conducted a 5-min background noise level (dB SPL re 20 μPa) reading using a Tenma 72-945 Sound Level Meter. To account for the relative loudness perceived by the human ear, all readings were A-weighted and had an automatic level range (30-130 dBA). A reading was made every 15 s in a different cardinal direction (90° turn) and an average value was given per individual mockingbird. In addition, we also wanted to compare our sound level readings from the field with predicted levels of noise exposure from a model that calculates annual soundscores via local noise sources, air traffic, and the Federal Highway Administration Traffic Noise Model (FHWA 1998) ; according to the model, lower soundscores signify louder environments. We found that our field noise measurements were strongly negatively correlated with predicted noise measurements (r = −0.74, 95% CI: −0.82 to −0.62, P < 0.001), which suggests that our readings accurately represent long-term acoustic conditions at these sites.
In order to identify acoustic frequencies experiencing the greatest background noise masking, we also measured the average power of background noise across each high-traffic road sampled (n = 11) using the same Northern Mockingbird song recordings. One mockingbird recording was chosen at random from each high-traffic road. For each of these recordings, using Raven Pro 1.4, we calculated the average power of 9 frequency bands (1-2 kHz, 2-3 kHz,… 9-10 kHz) by manually creating 9 sound windows within 1 random 2-second portion of the recording where (a) no vehicle traffic was present, (b) no mockingbird was singing. These bands were selected because they covered the full extent of the Northern Mockingbird's frequency repertoire. For comparison, the same methodology was also performed for each residential area sampled (n = 11) and in 1 random 2-second high-traffic road Northern Mockingbird recording with vehicle traffic present. We predicted a negative relationship between frequency bands and average power, with lower-frequency bands experiencing greater noise masking than higher-frequency ranges.
Song Analysis
All Northern Mockingbird recordings were analyzed as sonograms using Raven Pro 1.4 ( Figure 2 ). Recordings were digitized at a sampling rate of 44.1 Hz (44,100 samples, 16-bit) and converted to spectrograms using Raven Pro 1.4 using a Hann Window with a window size of 1,050 and a discrete Fourier transformation (DFT) length of 256, resulting in a fine-frequency resolution of 172 Hz. Because visually measuring minimum and maximum frequency in spectrograms can lead to inaccurate results due to measurement artifact error (outlined in Zollinger et al. 2012), only peak frequency was measured in this study. For each individual, we measured the peak frequency of every syllable type within the continuous song segment. A syllable type was defined as any syllable or groups of syllables (e.g., "chickadee" song of Poecile carolinensis) that was acoustically distinct and had the same shape/structure. Once a syllable type was sung it was almost always repeated several times (1-20 repetitions or "bouts") before the bird switched to a new syllable type ( Figure 2 ). Because visually selecting the darkest frequency band per syllable type The Condor: Ornithological Applications 121:1-13, © 2019 American Ornithological Society proved inconsistent in its accuracy, we instead manually created a sound window in Raven Pro 1.4 that began at the syllable type's lowest harmonic and ended at the syllable type's highest harmonic ( Figure 2 ). Within the sound window, peak frequency of a syllable type, including all its bouts, was then measured automatically in Raven Pro 1.4 as the frequency band with the highest power via power spectra ( Figure 2 ). However, if a portion of the syllable type's sound window was obstructed by an external noise source with a higher power, then that portion of the syllable type was discarded from the sound window. In addition, if a mockingbird syllable type was used multiple times within a 5-min recording, each occurrence was treated as an independent syllable type. Once the peak frequencies of every unique syllable type within the mockingbird song sample were measured, we then averaged all these values so that each mockingbird had one average peak frequency value. We predicted that the average peak frequency of mockingbird songs would increase in louder territories.
In addition to average peak frequency, we also tested the effects of background noise on the peak frequency of the lowest-pitched syllable type, peak frequency of the highest-pitched syllable type, and peak frequency range in each individual's song. Peak frequency range was defined as the difference between the peak frequency of the highestpitched and lowest-pitched syllable types in an individual's song. We predicted a positive association between background noise and the peak frequency of the lowest-pitched syllable type, no effect between background noise and the peak frequency of the highest-pitched syllable type, and therefore a negative association between background noise and peak frequency range.
To assess the impacts of background noise levels on Northern Mockingbird syllable-type composition, we divided mockingbird syllable types into 5 peak frequency groups that covered the entirety of their frequency range: 1-2 kHz, 2-3 kHz, 3-4 kHz, 4-5 kHz, and >5 kHz. For each mockingbird we calculated the total number of syllable types used in the recording as well as the percentage of the total number of syllable types represented by each peak frequency group. We predicted that the usage of syllable types in peak frequency groups more heavily masked by background noise (see "Noise Recordings" for details on masking measurement) would decline and the usage of syllable types in peak frequency groups minimally masked by background noise would increase.
Statistical Analysis
We used generalized linear models (GLM) with the lme4 package for model selection for all 9 models (see Table 1 ) and used a model testing approach based on information criteria to compare Akaike Information Criterion scores corrected for small sample sizes (AIC c ) between models. Given that background noise (Roca et al. 2016) , time of day (Cartwright et al. 2014 , Schraft et al. 2017 , and perching height (Fernandez-Juricic et al. 2005 ) have all been found to affect avian acoustical behavior, we included each as a fixed effect in our models; background noise in our case is FIGURE 2. Segment of a Northern Mockingbird sonogram taken during the breeding season in Gainesville, Florida. Acoustic terms identified in the figure include "syllable type, " "bout, " "peak frequency, " and "sound window. "
The Condor: Ornithological Applications 121:1-13, © 2019 American Ornithological Society represented by 5-min sound decibel level meter readings. Neither time of day nor perching height were significantly correlated with each other (r = 0.098, 95% CI = −0.12 to 0.31, P = 0.38) or background noise (time of day: r = 0.085, 95% CI = −0.13 to 0.3, P = 0.45; perching height: r = 0.055, 95% CI = −0.16 to 0.27, P = 0.62). Given our methodology for measuring perching height (which was always measured on even ground) as well as the Pythagorean theorem equation, we assumed a nearly perfect correlation between perching height and distance of subject to observer and thus removed the latter parameter from our models. In addition, because we recorded all our birds during the months of May and June (n = 2), this low sample size led us to exclude "recording month" as a potential effect on our models. Given that we used 3 predictor variables, we considered 7 models with each candidate set (one candidate set per response variable). Lastly, we considered the most parsimonious (top) model in a candidate set to be that with the lowest value of AIC c (Burnham and Anderson 2002) .
We converted all fixed effects to z-scores using the "scale" function in R to compare effect sizes of variables and further improve model fitting. Afterwards we used the MuMIn package in R to select all models <2 ΔAIC c of the top model (Barton 2018) . Models were then averaged and effect size conditional averages were calculated to provide the relative importance of each predictor variable (Richards et al. 2011) .
To identify informative predictor variables as those not overlapping with zero, 95% confidence intervals were calculated for each fixed effect included in models <2 ΔAIC c of the top model. Lastly, goodness-of-fit for all models was evaluated using McFadden's pseudo R 2 (McFadden 1973) .
RESULTS

General
Vocalizations of 82 males (n = 33 for residential-area birds, n = 49 for high-traffic road birds) were recorded throughout the 2-month field season. Residential-area background noise levels ranged from 41.23 to 49.2 dBA, and high-traffic roads ranged from 50.93 to 71.58 dBA. For high-traffic road recordings, average power of background noise steadily declined as bands increased in frequency, with the highest average power lying in the 1-2 kHz frequency band (60.82 dB ±2.9) and the second highest lying in the 2-3 kHz band (54.97 dB ±4.2; Figure 3A ). Because both of these average power values were higher than the highest average power value measured in all residential areas ( Figure 3B ), these syllable types were identified as experiencing heavy signal masking; all syllable types with peak frequencies greater than 3 kHz were identified as experiencing minimal signal masking.
Song Frequency
The average peak frequency of Northern Mockingbird songs was 2,960 Hz (±160 Hz), with the lowest-pitched syllable type at 1,313.5 kHz and the highest-pitched syllable type at 7,062.9 kHz across the sample population. Background noise (β = 70.89, 95% CI: 38.42-103.35, P < 0.01; Figure 4A ) and time of day (β = 43.69, 95% CI: 11.12-76.26, P = 0.01) had significant positive effects on Northern Mockingbird average peak frequency, with background noise being the strongest predictor of mockingbird average peak frequency (Table 1 ). The top model, with a TABLE 1. Akaike's Information Criterion (AIC) scores for all generalized linear models examining 9 characteristics of Northern Mockingbird breeding songs in relation to urban background noise in Gainesville, Florida, USA. Response variables include the average peak frequency of breeding songs, peak frequencies of the lowest-and highest-pitched syllable types, song bandwidth, and the percent of syllable types in 5 frequency ranges. Predictor variables include background noise amplitude (BNA), song perch height (PHeight), and time of day (TOD). Only top models and models with ΔAIC C < 2 from top model are included in this table. For each model, we present their raw AIC scores (AIC C ) as well as degrees of freedom (df ). For models with ΔAIC C < 2 from top model, we calculated the difference in their AIC scores from those of the top model in ΔAIC C (ΔAIC C values for top models equal zero). For each top model we also included its McFadden's pseudo R-squared value (R 2 ) and calculated the difference in its AIC score from the null model [ Table 2 ). Background noise also had a significant positive effect on the frequency of the lowest-pitched syllable type within mockingbird breeding songs (β = 61.15, 95% CI: 22.77-99.53, P = 0.0025), with the top model only including background noise as a predictor (Table 2, Figure 4B ). Background noise was the strongest predictor of the lowest-pitched syllable type and performed better than the null model (Table  1) . However, none of the 3 predictor variables had any effects on either the peak frequency of the highest-pitched syllable type (Table 2) or peak frequency range (Table 2) , although we found positive associations for both response variables with background noise ( Figure 4C and Figure 4D , respectively). In both cases null models performed better than any model with fixed effects (Table 1 ).
In addition, a potential source of bias in our results could be that mockingbirds in louder territories used a greater number of syllable types than those in quieter territories. Increasing the number of syllable types should increase the chance of using an extreme high or low syllable type, which could in turn affect the peak frequency of a song. However, we found that background noise levels (from sound decibel level meter readings) were not correlated with the number of syllable types in a mockingbird's 5-min continuous song (r = −0.12, 95% CI = −0.31 to 0.1, P = 0.31).
Syllable-type Composition
We performed separate models with percentage of syllable types as a response variable, as discussed in the Methods. Rather than report all model results (which are summarized fully in Tables 1 and 2), we note that for 2 of the 5 syllable-type composition models, background noise was the most significant predictor (percentage of syllable types with peak frequencies between 1-2 kHz and 4-5 kHz). Perching height was the most significant predictor for the percentage of syllable types between 2-3 kHz and 3-4 kHz, although background noise was marginally less and was included in the top models for these response variables. In all cases, the models including fixed effects were better than null models, except for the model for percentage of syllables 5 kHz and above. The direction of the background noise effect for 1-2 kHz and 2-3 kHz models was negative, but shifted to positive (3-4 kHz and 4-5 kHz) or showed no effect (>5 kHz) for higher-frequency sound ( Figure 5 ). Pseudo R 2 for these models ranged from 0.13 to 0.24 for models significantly better than the null. TABLE 2. Results of generalized linear models examining 9 characteristics of Northern Mockingbird breeding songs in relation to urban background noise in Gainesville, Florida, USA. Response variables include the average peak frequency of breeding songs, peak frequencies of the lowest-and highest-pitched syllable types ("lowest pitch" and "highest pitch, " respectively), peak frequency range ("range"), and the percent of syllable types in 5 frequency ranges. Predictor variables include background noise (BN), song perch height (PHeight), and time of day (TOD). The predictor variable with the strongest effect in the top-ranked model is marked with an asterisk. Model results include model-averaged estimates (β) of parameters from the top-ranked models based on Akaike's Information Criterion corrected for small sample sizes (i.e. ΔAIC c < 2 compared to model with lowest AIC c ), along with associated 95% confidence intervals (CI) and P values (bold P values represent significance; <0.05).
Response variables
Predictor variables β 95% CI P 
DISCUSSION
As predicted, we found that Northern Mockingbird breeding songs became higher pitched with increasing background noise: average peak frequency and peak frequency of the lowest-pitched syllable type of male songs increased with elevated levels of urban background noise. In addition, the percentage of syllable types between 1-2 kHz and 2-3 kHz declined and the percentage of syllable types between 3-4 kHz and 4-5 kHz increased as background noise levels rose; the percentage of syllable types >5 kHz, as well the peak frequency of the highest-pitched syllable type and peak frequency range, showed no association with background noise levels.
Background noise was found to be the strongest predictor for changes in average peak frequency and peak frequency lowest-pitched syllable type. Both average peak frequency and frequency of the lowest-pitched syllable type for all individuals strongly overlapped with regions experiencing high background noise power (1-3 kHz; Figure 3 ), a similar range found in other urban noise studies (Warren et al. 2006 , Wood and Yezerinac 2006 , Goodwin and Shriver 2011 . These results therefore suggest that mockingbirds may be raising the pitch of their songs to avoid signal masking. More specifically, average peak frequency increased by roughly 300 Hz across the sample population (~9.1 Hz per dB), whereas the frequency of the lowest pitched syllable type increased by roughly 270 Hz (~8.9 Hz per dB). These frequency effect sizes are within the range of those found in other studies, greater than found by Parris and Schneider (2009; roughly 5.4 Hz per dB) and Francis et al. (2011; ≈200 Hz) , but considerably smaller than the average reported by Roca et al. (2016; roughly 450 Hz) .
Although the overall mockingbird song experienced heavy signal masking (1-3 kHz; Figure 3 ), there were many syllable types within the repertoire that were above it; these higher-pitched syllable types typically changed very little in frequency across noise gradients, as evidenced from this study and past studies (see also Hu and Cardoso 2009;  Figure 2 ). In addition, many of the studies reviewed in Roca et al. (2016) included species whose songs were entirely masked by urban noise, which may account for their larger effect sizes. We did not include rural areas in this study because, although rural areas are often considerably quieter than suburban areas, they also contain a very different avian species composition available to be mimicked (Stracey and Robinson 2012a) . This could lead to differences in average peak frequency in mockingbirds The Condor: Ornithological Applications 121:1-13, © 2019 American Ornithological Society across the gradient, regardless of noise levels. Nonetheless, our study found that continuous songs were significantly higher pitched in noisy environments, a result consistent with many past studies.
We found no effect of background noise on either the peak frequency of the highest-pitched syllable type or peak frequency range in mockingbird songs. Our failure to detect a reduction in frequency range was likely due to the high variation and weak positive trend associated with the frequency of the highest-pitched syllable type variable. Although noise masking was strongest between 1 and 3 kHz when no vehicle traffic was present, the range extended to bands with much higher frequency values when vehicle traffic was present ( Figure 3B ). Therefore, even the highest-pitched syllable types in our recordings may be in danger of noise masking during times of heavy background noise, which may explain its slightly positive, but nonsignificant association with background noise levels. Although we did not measure song bandwidth for this species, it is possible that mockingbirds may not be condensing their frequency range despite increasing the frequency of their lowest-pitched syllable type.
In addition to Northern Mockingbird song frequency, we also found changes in syllable-type composition, where the usage of low-frequency syllable types (1-2 kHz and 2-3 kHz) declined in the noisier environments. This suggests that mockingbirds may avoid singing at frequencies where masking is most potent. On the other hand, we found that the percentage of syllable types between 3 and 5 kHz significantly increased with background noise across our study site. Syllable types greater than 5 kHz may be far enough above the masking threshold that increasing their pitch may not be necessary. These changes in syllabletype composition provide insight into how the Northern Mockingbird changes the pitch of its songs in urban environments, although more research is needed (see below).
Whether these changes in frequency and syllable-type composition are caused by mockingbirds raising the pitch of specific syllable types ("syllable pitch plasticity") or choosing higher-pitched syllable types more often in noisy environments ("differential syllable use") remains to be determined (see Bermudez-Cuamatzin et al. 2010) . Several low-pitched mimetic syllable types (1-3 kHz) in this Northern Mockingbird population increased in frequency as noise levels increased (M. J. Walters personal observation), suggesting syllable pitch plasticity. However, interpretation of results for this species is challenging given that the Northern Mockingbird's repertoire is strongly mimetic (Gammon 2014) ; mockingbirds may be simply copying the vocal plasticity of other species rather than making acoustic adjustments themselves. In addition, the vocal repertoire of the Northern Mockingbird is incredibly large and ever changing. Studies that tested avian syllable pitch plasticity and differential syllable use analyzed the entire repertoire of their study species (see Bermudez-Cuamatzin et al. 2010) , a difficult task for the Northern Mockingbird, whose repertoire includes hundreds of syllable types that change every breeding and nonbreeding season (Derrickson 1987 , Merritt 1985 .
Our results may also have implications for Northern Mockingbird sexual selection. Although high-frequency signals have been shown to transmit better in urban environments (Halfwerk et al. 2011 , Pohl et al. 2012 , LaZerte et al. 2017 , studies have also shown that the original, low-pitched versions of these signals are more desirable by receivers (Halfwerk et al. 2011) . This suggests that that enhanced transmission does not lead to enhanced preference. This is the case with Great Tits, where males sing their lowest-pitched songs at the peak of female fertility (Halfwerk et al. 2011) . Given that low-pitched signals may play a role in Great Tit male-to-female interaction, changing the frequency of those signals could deteriorate the quality or change the information of the signal, resulting in a potential evolutionary arms race between sexually selected low-pitched songs and naturally selected high-pitched songs in urban environments (Halfwerk et al. 2011, Narango and Rodewald 2018) . Northern Mockingbirds may very well be in a similar situation, but our understanding of the importance of their low-pitched vs. high-pitched syllable types is limited. Some research suggests that larger repertoires enhance mate attraction and territory acquisition (Howard 1974) . If this is true, then choosing more high-pitched syllable types to sing (and simultaneously limiting the use of lower-pitched ones) could decrease repertoire size, leading to potential fitness consequences.
Despite the Northern Mockingbird's large repertoire size, which many believe has no upper limit (Derrickson 1985 , Merritt 1985 , we believe that our 5-min continuous song samples are adequate representations of individual songs during a particular breeding season. The number of syllable types in our 5-min recordings across the sample population ranged from 31 to 155, which is only slightly smaller than the estimated repertoire size of the Northern Mockingbird (45-203; Wildenthal 1965 , Howard 1974 , Merritt 1985 , Derrickson 1987 . In the case of Derrickson (1987) , who estimated a repertoire size of roughly 150 syllable types, only 4 individuals were sampled in the 2-yr study, all of which were adult birds. Because we did not age our birds, it is possible that some of the individuals recorded were young birds, which could explain the lower number of syllable types found in some 5-min recordings (Derrickson 1987) . We also measured well over 150 bouts per recording for the majority of our sample birds; anything less would be considered unreliable for estimating Northern Mockingbird repertoire size (Derrickson 1987 ). Assessing each individual's entire repertoire would require many recordings per individual, which would have greatly reduced our sample size. Given that this species adds new syllable types every year, a complete test of behavioral plasticity in the urban Northern Mockingbird repertoire may require multiple recordings of banded individuals over their adult lifetime.
Lastly, we note that our other predictor variables, particularly time of day, had significant effects on multiple response variables. It has been shown that urban noise can impact daily singing patterns of birds, with multiple species singing more often during quieter times of day (European Robin [Erithacus rubecula]: Fuller et al. 2007 ; Red-winged Blackbird [Agelaius phoeniceus]: Cartwright et al. 2012 ). However, upon further investigation we found (a) no effect of time of day on background noise, and (b) a strong effect of time of day on average peak frequency without the presence of background noise as a fixed effect. This suggests that birds are raising the pitch of their songs during later hours of the day regardless of the level of background noise, which goes against the prediction that mockingbirds raise the pitch of their songs during loud periods of the day to combat noise masking. However, in this case it is possible that high-pitched mimicked species of the Northern Mockingbird are more vocally active during later hours of the day, and mockingbirds thus mimic these syllable types later in the day. In addition, we found a significant negative effect of perching height on the percentage of syllable types sung between 2 and 3 kHz and a positive effect on those sung between 3 and 4 kHz, although these effect sizes were only marginally greater than those of background noise. Because lower-pitched sounds travel better closer to the ground (Nemeth et al. 2001) , it is possible that mockingbirds sing lower in areas of higher acoustic masking, although unlikely given that vegetation structure showed little variation across our site (M. J. Walters personal observation). In the end, even when accounting for perching height and time of day, background noise was still shown to be the strongest predictor for changes in Northern Mockingbird song structure.
Future research should aim to assess whether urban mockingbirds (a) display vocal plasticity, copy vocal plasticity behavior of model species, or both; (b) change the song frequency and syllable-type composition of their nonbreeding songs; (c) add more high-pitched syllable types than low-pitched syllable types each breeding season; and (d) perform more visual flight displays than nonurban mockingbirds as a way of replacing acoustically hindered cues with visual cues (Patricielli and Bickley 2006 , Partan 2010 , Rios-Chelen et. al 2015 , Partan 2013 . Although many species struggle to survive in the big city, the Northern Mockingbird thrives in urbanized landscapes , in part due to high behavioral flexibility along many dimensions. This study is the first to show that the Northern Mockingbird song changes in pitch and syllable-type composition in urban environments, providing further evidence that successful urbanadapting species have different vocal behavior in noisy environments.
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